Abstract-Electrocardiographic alternans is known to predispose to increased susceptibility to life threatening arrhythmias and sudden cardiac death. While this decreased level of cardiac electrical stability is often due to the presence of discordant action potential (AP) alternans in the heart, the mechanism of discordant cardiac alternans remains unknown. This study presents a case report of cellular discordant cardiac alternans between AP and 
I. INTRODUCTION
T -WAVE alternans has been associated with an increased risk to arrhythmias [1] and sudden cardiac death (SCD) [2] , [3] . However, at the myocyte level, it is still unclear what triggers action potential (AP) alternans. It was recently shown that the morphology of the AP (through its modulation by sarcolemmal Ca 2+ [4] and K + [5] , [6] currents) has a significant effect on the stability of the Ca 2+ handling processes and the transition from normal intracellular Ca 2+ ([Ca 2+ ] i ) to stable [Ca 2+ ] i alternans [7] . However, other studies have suggested that [Ca 2+ ] i alternans give rise to AP alternans [7] - [15] ; thus, according to this hypothesis, [Ca 2+ ] i alternans resulting from stress-induced [1] , [8] deficiencies in any number of Ca 2+ transport processes may, in turn, give rise to AP alternans. Irrespective of the proposed hypothesis, common characteristic of all studies was that the Manuscript received December 14, 2008 ; revised February 17, 2009 . First published June 2, 2009 ; current version published August 14, 2009 . This work was supported by the American Heart Association awards under Beginning Grant-in-Aid 0365304U and under Scientist Development Grant 0635127N.
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II. METHODS

A. Definitions
Concordant and discordant alternans at the whole heart as well as the myocyte level are defined as follows. 
B. Myocyte Isolation and Electrophysiological Studies
A canine-isolated left-ventricular myocyte [15] was wholecell patch-clamped at 37
• C in a heated chamber on the stage of an inverted fluorescence microscope (Olympus IX70). Borosilicate glass pipettes of 3-5 MΩ tip resistance were used for whole-cell recording of APs or membrane currents with an Axopatch 200B amplifier digitized via a Digidata 1200A (Axon Instruments) personal computer interface.
A xenon arc lamp was used to excite indo-1 fluorescence at 365 nm (390 nm dichroic mirror), and the emitted fluorescence was recorded using a dual-channel photomultiplier tube assembly (ESP associates, Toronto, ON, Canada) at wavelengths of 405 and 495 nm. Cellular autofluorescence at both emission [16] . The R min , R max , and β for the fluorescence system were determined to be 0.45, 2.4, and 3.8, respectively [16] . Electrophysiological and fluorescence signals were acquired simultaneously and analyzed offline.
The myocyte was patched using physiological extracellular solution containing (in millimoles per liter): NaCl 138, KCl 4, MgCl 2 1, CaCl 2 2, NaH 2 PO 4 0.33, glucose 10, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, (HEPES) 10; pH 7.4 with NaOH, and intracellular solution containing (in millimoles per liter): potassium glutamate 130, KCl 9, NaCl 10, MgCl 2 0.5, MgATP 5, and HEPES 10; pH 7.2 with KOH and 50 µmol/L indo-1 (Molecular Probes). The pipette-to-bath liquid junction potential was −17 mV, and was corrected.
The myocyte was stimulated in current clamp at progressively faster frequencies until alternans was elicited.
C. Canine Left-Ventricular Myocyte Model
A simultaneous [Ca 2+ ] i -and AP-clamp variation of the canine left-ventricular myocyte computer model [15] - [18] was developed, which permitted to input experimentally obtained records of [Ca 2+ ] i and AP as a driving function, and compute, in isolation, the intracellular compartments' Ca 2+ concentration and fluxes as well as the underlying membrane currents (i.e., the L-type current, the sodium-calcium exchanger, etc). To investigate the complex interplay between the sarcolemmal potential and ionic currents with the sarcoplasmic reticulum (SR) Ca 2+ fluxes (uptake and release), a simultaneous AP-and [Ca 2+ ] i -clamp approach was applied to a previously described left-ventricular canine myocyte model [16] . The model was clamped with the experimentally recorded [Ca 2+ ] i and AP data, a segment of which is presented in Fig. 1(b) , and the resulting sarcolemmal ionic currents and SR Ca 2+ fluxes are presented in Fig. 2 .
III. RESULTS
A. Concordant and Discordant
Thus, in Fig. 2(a) , the left axis presents the APD 90 and the right axis presents the ∆[Ca 2+ ] i (defined as systolic minus diastolic [Ca 2+ ] i ) of the beat-to-beat fluctuations of the corresponding beats in Fig. 1(b) , which were used to clamp the model. In ] i or long and short APD respectively; the peak [Ca 2+ ] i and APD for these beats are also shown. The arrows in the voltage tracing of (b) indicate a sub-threshold after early after-depolarization. Fig. 2(b) , the left axis presents the time-dependent beat-to-beat current attributed to both the L-type calcium channel (LTCC) (I Ca,L ) and the Na/Ca exchanger (I NCX ), while the right axis presents the ryanodine receptor (RyR) open probability of the same beats presented in Fig. 1(b) ; in this figure, the choice of lumping the two currents is based on the hypothesis that if [Ca 2+ ] i and AP alternans are linked, it is likely that the balance (reflected in the sum) of these two currents that control the depolarization versus repolarization of the membrane, will determine their effect on the APD.
One observes that the APD prolongation observed in Fig. 2 (a) is associated with the larger inward depolarizing current attributed to the LTCC and the NCX seen in Fig. 2(b) ; this depolarizing current is a result of secondary, much smaller SR Ca 2+ release events, reflected at the RyR state-1 open probability P O1 [see Fig. 2(b) ] on an every other beat basis indicated by an " * ," while the primary SR Ca 2+ release events are represented by an "↑." This depolarizing current is associated with a small deflection on the AP [also seen after careful inspection in Fig. 1(b) ], which is a subthreshold early after-depolarization (sEAD). This secondary Ca 2+ release also results in a longer time for [Ca 2+ ] i to reach its peak value, and is seen only in beats associated with a large [Ca 2+ ] i that is on an every other beat basis [see Fig. 2(b) ]. Significantly, in Fig. 2(b) , after sustained concordant alternans [seen in Fig. 1(b) 
B. Relationship of Beat-to-Beat [Ca 2+ ] i and APD During Alternans
Analysis of the beat-to-beat ∆[Ca 2+ ] i and APD for the wholedata record revealed that discordant alternans occurred four times [red pixels in Fig. 3(a) and (b) ]. Interestingly, similarly to the example presented in Fig. 1(b) , all four phase transitions of concordant to discordant alternans were transient, which resulted into discordant alternans to be reverted back to sustained concordant alternans, within a few beats. Fig. 3(a) demonstrates the relationship between the ∆[Ca 2+ ] i and APD. One observes that phase reversal occurs for APD values that fall within 113% ≤ APD rev /APD min ≤ 117% and 81% ≤ APD rev /APD max ≤ 84%, where APD rev is the APD value in which a phase reversal occurs, and APD min /APD max are the minimum/maximum APD value, respectively, in the APD time series.
On the other hand, Fig. 3(b) Overall, the biophysical observations of this and previous studies [15] are consistent with experiments in heart cells [19] , in planar lipid bilayers [20] , and cardiac vesicles [21] that confirm that Ca 2+ in the SR lumen influences RyR gating such that RyRs are more likely to be triggered by cytosolic Ca 2+ when SR luminal Ca 2+ is elevated, which increases spontaneous SR Ca 2+ release [22] and the delayed after-depolarization (DAD) amplitude threshold to trigger an AP [23] . Furthermore, these findings agree with those of Diaz et al. [9] in which, during alternans, secondary releases and biphasic [Ca 2+ ] i were observed in tetracaine-treated myocytes. These secondary releases were attributed to the increased spatial and temporal desynchronization of SR Ca 2+ release, during which, in a given region of a myocyte, SR Ca 2+ release propagated as a wave, the amplitude of which could alternate on a beat-to-beat basis.
At the whole-heart level, optical mapping studies in normal hearts have shown that discordant AP alternans (reflecting two areas in the heart that oscillate with opposite phase) were associated with a state of marked cardiac electrical instability, since ventricular fibrillation was always preceded by discordant and never by concordant AP repolarization alternans [1] , [14] . This pattern of inhomogeneity was consistently induced at a critical threshold heart rate, and was largely independent of the pacing site [1] , suggesting that it was caused by heterogeneities of cellular repolarization properties rather than heterogeneous propagation delay. Interestingly, in this study, alternans most commonly involved the slope of the AP plateau and the onset of final repolarization.
In summary, SR Ca 2+ overload that results in spontaneous SR Ca 2+ release and stimulates additional Ca 2+ extrusion via the NCX which in turn produces an inward, depolarizing current and sub-threshold triggered depolarizations, are the underlying events for [Ca 2+ ] i and AP alternans. Furthermore, the finding that the [Ca 2+ ] i and APD can oscillate in an uncorrelated manner is likely to constitute the ventricular myocyte as the smallest unit underlying cardiac alternans and increased susceptibility to arrhythmogenesis.
